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In situ grazing incidence small-angle x-ray scattering real-time monitoring of the role
of humidity during the structural formation of templated silica thin films
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The role of RH(relative humidity during the formation of templated silica thin films has been investigated
using real-time grazing incidence small-angle x-ray scattering. A detailed analysis of the evolution of the lattice
parameters as a function of RH is presented. It is shown that in the modulable steady state, the lattice parameter
parallel to the surface is pinned after a transient regime is reached while the parameter normal to the surface
can still vary. In the initial stage we find that the film can take up to one layer of water per micelle. Interfero-
metric measurements confirm that swelling occurs in the entire film. An explanation of the pinning effect is
presented.
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Mesostructured organic assemblies are now routinely A sol containing surfactant, silica precursor, ethanol, wa-
used as templates in materials synthésighis approach is ter, and hydrochloric aci@nitial molar composition 1 TEOS
based on the tendency of amphiphilic organic molecules tétetraethoxysilane 20 C,H;OH:5.4 H,0:0.004 HCI:0.16
self-organize in aqueous media into complex one-, two-, of£TAB (cetyltrimethyl ammonium bromidewas dispensed
three-dimensional supramolecular aggregates. The resultirgn to a S{100 substrate. The composition of this sol was
architectures are used to direct the formation of inorganiknown to yield dip-coated films having the 2D hexagonal
solids from soluble precurso?s? Such an organic templat- pém symmetry. For the slow evaporation technique used in
ing approach to materials synthesis is inspired by the stratdhe present measurements, the volume of liquid that was dis-
gies that living organisms utilize to construct bioinorganic pensed on the substrate was precisely controlled with a mi-
materials. Although in all living systems, the role of water is cropipette. Only one drof~100 ul) of the initial sol was
considered to be of paramount importance, there is littleused so as to wet entirely the surface of the Z sificon
known about how amphiphilic molecules self-assemble andvafer. After evaporation, the film was 100 nm thick. The
eventually reorganize during the evaporation of a solvent unsubstrate was placed into the x-ray evaporation cell in which
der controlled relative humiditfRH). Penetrating probes the humidity was controlled by flowing either dry or humid
such as x-ray or neutron radiation used under grazing ininitrogen. The relative humidityRH) is defined as the ratio
dence can provide essential information about liquids anaf the partial vapor pressure of water to the saturation
buried interfaces. Using grazing incidence small-angle x-raywapor pressur®, at that temperature. It was measured with
scattering(GISAXS), the group of Sanchez and co-workers a humidity sensor HC-610 from Ohmic Instruments. Because
has recently shown that RH strongly influences the final methe typical experiment time was 15 min, it was possible to
sostructure of dip-coated thin films prepared by EISAfollow the different phases of the self-assembly process, and
(evaporation-induced self-assemply'? In the EISA, the to correlate them with RH changes. The measurements were
evaporation of the solvent at the interface leads to a concerperformed on the liquid spectrometer of the X22B beam line
tration gradient that may give rise to structures different aiat the NSLS(National Synchrotron Light Source, BNL,
the top and at the bottom of the fil¥*® Here we report USA). The sample was kept horizontal during the course of
simultaneous GISAXS and multiwavelength optical interfer-the measurements and the incident beam was deflected by a
ometry measurements during the EISA process and as @e monochromator so that it impinged at a controlled inci-
function of RH. Whereas the symmetry and lattice param-dent angle on the surface of the liquid film, slightly above
eters are measured with GISAXS, the overall film thicknesghe critical external angle of the silicon. The incident wave-
is obtained from the interferometry. For thin films, the time length was fixed to 1.576 A and the scattering was moni-
scale for self-assembly is usually extremely short and trantored with a MAR USA Inc. charge-coupled devi¢gCD)
sient measurements require both a synchrotron source an®2® detector located 0.735 m away from the sample. The op-
two-dimensional(2D) detector. The combination of these tical interferometry was carried out in reflection under nor-
two techniques provides a comprehensive model of how wamal incidence with a multiwavelength F30 interferometer
ter is incorporated into the silica network during RH cycling. from Filmetrics Inc.

The highly organized structures obtained after complete sol- The EISA process and the effects of RH cycling are illus-
vent evaporation are influenced by the external RH. Watetrated by the sequence of GISAXS patterns in Fig. 1. The
intrusion starts at the surface of the films and diffuses tofirst frame[Fig. 1(a@)], acquired in the liquid state, exhibits
wards the substrate producing strong modifications of thenly a streak atj,=0 which is partially blocked by the beam
lattice parameters. stop to avoid the intense specular reflection. The surfactant
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FIG. 1. In situ 2D x-ray scattering patterns measured during the chronologic phase transformation of the diluted liquid film to the
structured mesophaséa) liquid phase,(b) 2D hexagonal phasé€RH=0.4), (c) 2D hex phase and onset of the cubic phdsg,2D hex
coexisting with the cubic phase at high humidifgH=0.8, and (e) distorted 2D hex phasg@nd the cubic phaset low humidity (RH
=0.3), distorted 2D hex phas@nd the cubic phageat high humidity(RH=0.8. Note, that the 2D detector monitors the reciprocal space

along two specific directions that are thg direction parallel to the surface of the sample anddhélirection perpendicular to itthe gy
component is negligible

molecules are indeed disordered at this high ethanol concerd). A close look at the position of the Bragg reflectifia-
tration and the system can be considered as a “diluted liquibeled 01, in Fig. 1(b)] shows that at low humidity the
phase.” The second pattern taken after complete ethanoéciprocal space is expandggigs. Xb) and Xe)] while at
evaporation shows a 2D hexagonal phas@@fi symmetry  high humidity it is contractedFigs. Xd) and Xf)]. This ef-
[Fig. 1(b)]. After about 1 min of evaporation, the 2D hex fect is directly related to the water intrusion or extrusion
phase is still fully flexible because the silica network has notpon humidity changes.

yet condensed. At this early stage, the external relative hu- In the hexagonal phase, the lattice parameter can be de-
midity was cycled by flowing alternatively humid or dry ni- duced from the location of th€l0)ex Or (01)nex Bragg re-
trogen gas in the cell. Grosso and co-workers define thiflections. The lattice is fairly well described by a unique
stage of the process as the M@8Bodulable steady staté  Paramete@ye=38.29 nm, indicating almost no distortion of
When the system is still in the MSS, as in Figcy we the hexagonal networtsee Fig. 2 After a period of time,
observed that by raising the RH from 40% to 80% the ophowever, the lattice distorts and it is convenient to use a
hex phase transforms into the culilo@n phase. This trans- rectangular face-centered unit cell described by two lattice
formation is a consequence of the penetration of the wateparameterd andc (for details see Refs. 15, 13, and)16
molecules between the charged headgroups of the CTA#S two-component rectangular coordinate systenb, the
molecules. The penetration increases the area occupied Iattice parameter alond.0) is b and along(01) is c. Further,

the headgroups and this leads to a decrease in the packitige (11)ec reflection is equivalent t¢10),ex and the(02),e.
parametet? This change in the packing parameter leads toreflection is equivalent t¢01) ey

the transformation of the cylindrical micellgsbserved in In Fig. 1(c) new peaks emerge which correspond to the
the 2D hex phageinto spherical ones¢in the cubic phase  cubic phase and this phase coexists with the hexagonal
Further change in the RH mainly affect the lattice parameterphase. These cubic peaks become more intense in Figs.
as demonstrated by the sequence of GISAXS patt@figs  1(d)-1(f) but continue to coexist with the hexagonal phase.
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increasing the humidity, both lattice parametbrand c in-
crease and the distortion remains very weéaj to 250 s in
Fig. 2. When the humidity was lowered by introducing dry
nitrogen for 250 s<t<<350 s in Fig. 2 the lattice becomes
distorted. This is becaudewas pinned in the direction par-
allel to the film surface while along the unconstrained z di-
rection the lattice contracts, as shown in Figibdttom left
pane). We define the pinning effect of thelattice parameter
from the fact that this parameter does not swell or contract
during the subsequent RH cycles following the first RH
cycle.

The first humidity cycle(up to 250 s in Fig. P differs
from subsequent cycles. During the first cydencreased

g5 046 T from 7.4 to 8.5 nm whereds increased from 4.2 to 4.8 nm.
br T 0.14+ . 1 Sinqe both Iatfcice constants increas_ed by the same 15% pro-
-4 8. d 0.12+ '._J'E . portion there is no overall change in the shap(_e of the unit
o / | e 0.104 / LI cell. Alongb, the 0.6 nm increase corresponds directly to the
£ -../ \ _/./ 0.08 . \_ ] thickness of the water layer surrounding the micelle. Esti-
B 75 -~ 0.064 ] mating the diameter of water as 0.31 nm from the cube root
% & 0.04] ] of the volume of a bulk water molecule, 0.6 nm corresponds
’g_ 501 LR 0.02] ] to nearly two layers of water, one on each side of the micelle.
o & 000] =%, /"'\/' ] By considering the 9 nhincrease in the area of the unit cell
£ 45 [ Ty . 0.02] w ] and a 9.6 nrharea per water molecule, 94 water molecules
- aa 0.04] ] of water are needed to hydrate the two micelles per unit
G o0 B0 5o A0 506 ATY PR o par e N length of water. Thus, in_the 2D hexagonal plane_there are 47
Time (s) Time (s) water molecules covering each micelle per unit length of

water.
Theb lattice parameter versus time, shown in Fig. 2, ap-
pears to saturate almost exponentially as if governed by the

FIG. 2. (Color online Representation of the 2D hex and rectan-
gular face-centered unit cell$op pary. Evolutions of the lattice
parameter$ and ¢ during humidity cyclegthe lattice parameters (jffusion-limited process. This curv@ot shown is reason-
are derived in the rectangular face-centered unit) aaild of the ably well described by an exponential function with a char-
distortion 7 as a function of time upon cycling the RH in the cell acteristic time constant of 55 s. This time constant corre-
(bottc_)m part. It is important to note that in rgflectlon geometry, the sponds to the time after which the pinning becomes
g.lamce dparameter can only be eva";]‘fitﬁd 'Q the framework OI th(?rreversible(in the present experimental condition of RH
.|storte wave Born apprOX|mat|on which takes into account re raCAfter the drylng Stage we again increased the RH-&0%.
tion of the beam. The ¢ lattice t found to ri in from 7.4 t

parameter was found to rise again from 7.4 to
The cubic diffraction pattern consists of three characteristi®.0 hm while at the same time the distortion decreased from
concentric circles on which the 200, 210, and 211 Braggl5% to 8%. After the first cycle, the system does not recover
reflections are locatedor more details about this phase and its full expansion along the direction because of the re-
its indexation see Ref. 13In Fig. 1(d), the average cubic duced flexibility of the silica network. By cycling over
lattice parameter i®=b=c=8.96 nm with the followingd longer periods of timeg increased less and less as the silica
spacingsd,;,=3.68 nm, d,1,=3.99 nm, andd,p,=4.48 nm.  network further condensed. During these cycles we also
The cubic phase remains stable when the RH is reduced tmeasured the total thickness of the film by optical interfer-
30% [see Fig. 1e)]. By varying the incident angle with re- ometry at 30% and 80% humidity. The thickness evolved
spect to the critical angle, thus varying the x-ray penetratiorfrom 980 nm at 80% humidity to 860 nm at 30% humidity.
depth, we were able to show that the cubic phase was locatethese observations are fully consistent with the correspond-
in the top region of the film, while the bottom region corre- ing lattice parameter obtained concurrently. This clearly sug-
sponds to the hexagonal phase. gests that the entire film swelled and contracted simulta-

In the following, we describe the changes in the latticeneously. Similar cycling experiments were performed after
parameters with humidity in the distorted hexagonal phaseuring the 2D hexagonal phase for 10 min at RH =40t
(see Fig. 2 Although similar effects were also observed in showr). Under these conditions, the 2D hexagonal phase did
the cubic phase, we have chosen to focus on the distortedhot transform into a cubic one upon increasing the RH. Dur-
hexagonal phase since it is always present whereas the cubitg the curing process, thelattice parameter remained al-
phase is not. Here we use the rectangular unit cell, intromost constant at 7.4 nm whereas théattice parameter in-
duced above, to describe the distortions sincedtieratio  creased slightly from 4.6 to 4.75 nm. Compared to the same
differs from 3, its value for the hexagonal phase. The tem-experiment made at higher RH, one can clearly observe that
poral evolution of the lattice parameters and the distortiorthe b lattice parameter was pinned to a much lower value.
from a hexagonal lattice, given by=(y3-c/b)/v3, are pre-  This demonstrated that the in-plane lattice parameter can be
sented in Fig. 2. In the first period, the RH was maintained atuned to a given value by adjusting the RH in the very early
40% and the hexagonal phase was nearly undistorted. Byodulated stages of organization. After more than 10 min of
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curing, lowering the RH caused thelattice parameter to (@) I
decrease from 7.4 to 6.6 nm with no concomitant change of é) C§>

the b lattice parameter. Increasing the RH recovered the ini-
tial value of thec parameter.

Our observations clearly demonstrate that the directions
parallel and perpendicular to the surface are not equivalent
with respect to water intrusion and extrusion, especially after
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the first initial flexible regime. The modulable steady state

(MSS) can therefore be decomposed into a fully flexible state \ SUBSTRATE \
(FFS followed by an in-plane frozen sta@PF9. In the

IPFS, only thec lattice parameter varies with RH. This VW

change steadily diminishes as a function of time indicating e

the evolution of the degree of condensation of the silica net-

work. This naturally raises the issue of why the network

remains flexible along the surface-normal direction while ®) “

frozen in-plane. Our lattice constant results shows that water &6 w

enters the film at the air-film interface and quickly diffuses “

through the film from this interface. In part this is supported

by the coexistence of the cubic and 2D hexagonal phases w

o o W s, FIG:3.( Shematc epresniaion of e o e ercgonl
. . .._domains with their cylindrical axis perpendicular to each other. The

through porous channels that are either located in the silic

. . . . grrows indicate the direction of expansion or contraction of the
matrix (micropore$ or more likely at the grain boundary

b he | b f microd . . hsilica network. The middle domain is imprisoned between two ad-
etween the large numbers of microdomains covering t ?acent domains(b) Top view of the domains patchwork with an

surfape. During v_vgter intrusion., the i_ncreaseloofs o.nl_y. arrow indicating the direction of deformation of the silca network.
possible if the silica network is flexible. This flexibility

should also permit in-plane changestofTherefore the an- gy effect can be observed in a film having the 2D hex sym-
isotropic pinning effect is probably not related to the conden-metry onlyl?

sation of the silica network only. Indeed there is no reason |n’'symmary, for the CTAB-silica films investigated during
why the silica network should be more condensed in-plangky cycling in the present study there is quantitative agree-
than perpendicular to the surface. Therefore we believe thahent between the atomic-scale lattice constant and the total
the anisotropic behavior of the lattice parameter is more refiim thickness. The former is obtained from GISAXS and the
lated to the coexistence of a patchwork of domains designegiter with interferometry measurements. We found that wa-
during the formation of the surfactant cylindrical rods. For g, uptake during FFS corresponds to one water molecule
simplicity let us consider a set of orthogonal domains agayer for each micelle. In the following IPFS, this behavior is
shown in Fig. 3. Arrows indicate the directions in which jmpeded by both the progressive condensation of the silica
silica can expand or contract during RH cycliigese direc-  network and by the pinning effect. The lattice distortion upon
tions are the perpendicular directions to the cylinder )axis \yater intercalation is due to the anisotropic extension in lat-
As the middle domain is trapped between two adjacent dogra| and normal direction, which is consistent with the pin-
mains in which the silica matrix cannot expand along theing effect explanation. The latter one is, presumably, due to

same in-plane direction, the middle domain will be pinnedihe existence of domains of different orientations at the sur-
in-plane. It appears from our explanation that the pinningace of the film.

effect is mostly related to the different orientations taken by

the cylinders during their formation and to the subsequent This work was supported by the French ACI “Nanostruc-
formation of domains at the surface. It is important to noteture” under project No. 03-01 and the French ACI “Nanopo-
that this effect is not related to existence of the cubic phaseomat.” Work at Brookhaven National Laboratory is sup-
Indeed complementary experiments have shown that a simported by U.S. DOE Contract No. DE-AC02-98CH10886.
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